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Abstract
Metallic glasses have liquid-like structure without well-defined topological defects
like dislocations in metals and alloys. The unique disordered structure of metallic glasses
leads to unique mechanical properties, such as inhomogeneous deformation at low
temperature and homogeneous deformation at high temperature, and brittle behavior
induced by annealing. This dissertation address three critical issues related to the
mechanical behavior of metallic glasses:
1. Identification of deformation defects in metallic glasses. We have conducted high
energy X-ray diffraction experiment -- using anisotropic pair distribution function
-- to characterize the size and density of defects in metallic glasses activated by
external stresses. Our results based on the characterization method reveal the
microscopic origin of ductility in some metallic glasses.
2. Identification of two local stress relaxation modes that control macroscopic
mechanical properties in metallic glasses. Using the defect characterization
method we developed, we revealed two different local stress relaxation modes in
defect regions, which are responsible for inhomogeneous and homogeneous
deformation respectively.
3. We developed structural rejuvenation method to improve and recover the
compressive plasticity. The microscopic mechanism of structural rejuvenation
was unveiled by structural study and molecular dynamics simulation.
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Chapter 1 Introduction
Bulk metallic glasses (BMGs) are a novel class of metallic materials without longrange translational and rotational order[1]. The preparation of BMGs requires fast cooling
to maintain the structure of their liquid states. Its metastable state and disordered structure
give rise to unique properties which are never exhibited by conventional metal and alloys.
BMGs exhibit glass transition through which many physical properties are
dramatically changed. For example, when BMGs are heated to the supercooled liquid
state (a region above the glass transition temperature and below crystallization onset
temperature), viscosity is decreased by ten order of magnitude[2]. BMGs show
extraordinary net-shape formability in this supercooled state. Therefore they can be blowmolded into complex shape and exploited for lithography application[3, 4]. In addition,
these materials can be processed at relatively low temperature for structural applications
comparing with energy-intensive processing process for steel.
BMGs’ mechanical behaviors are also unique because of their disordered structure
and metastable state. Comparing with conventional metals and alloys, BMGs stand out
for their extraordinary resistance to plastic deformation in terms of elastic limit (~2%)
and yield strength (1~5GPa)[5, 6]. Its elastic strain and yield strength shows size effect,
i.e. the smaller, the stronger[7, 8]. MGs in nanoscale can approach to the ideal elastic
limit and yield strength (~G/8-10, G is shear modulus)[7]. In addition, BMGs’ corrosion
and oxidation resistances are also high[9]. BMG seems to be a promised candidate of
structural materials till now.
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Unfortunately, BMGs’ plasticity hinders their engineering applications because of the
following aspects: (a) Plastic deformation at room temperature is heterogeneous in the
form of strongly localized shear bands; (b) Low-cost BMGs, e.g Al- and Fe-based, are
brittle that a catastrophic failure immediately follows the yielding; (c) The roomtemperature plasticity of some ductile Zr-, Pd- and Pt-based BMGs, is unstable. For
instance, annealing embrittles the ductile BMGs[10]. (d) Plasticity strongly depends on
composition and preparation. Small composition adjustment leads to ductile-to-brittle
transition, e.g. Zr55Cu30Ni5Al10 (brittle) and Zr65Cu17Ni8Al10 (ductile)[10]. To solve these
problems, a series of researches referring to fundamental theory and material processing
has to be conducted.
A historical background of the development of BMGs and their mechanical behaviors
are firstly reviewed in Chapter 2. Along with them, two widely-accepted
phenomenological deformation models are illustrated in Section 2.3. Chapter 3 presents
the experimental setup of high energy X-ray diffraction and methodology of diffraction
data analysis with sufficient details to obtain BMGs’ structure information.
To understand BMGs’ intrinsic plastic deformation, deformation defects and their
response under external stimulus should be clarified, which has not been realized. In
Chapter 4, the method of directly characterizing deformation defects is established at
first; utilizing this method, we identified two local stress-relaxation modes in metallic
glasses: the fast and slow ones. For the fast one, chemical composition effect, pressure
effect and temperature effect on deformation defects are systematically studied. Next, the
length scale and time scale for the slow stress-relaxation mode was studied. The
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microscopic mechanism of macroscopic mechanical behaviors is discussed in terms of
these fast and slow local stress-relaxation methods in Chapter 5.
The second part of this dissertation discusses methods to enhance BMGs’ roomtemperature plasticity. The methods currently used can be divided into two groups:
homogeneous and heterogeneous structural rejuvenation, indicating a number of new
defects are created to accommodate more plastic deformation. We focus on the
homogeneous structural rejuvenation approach. Homogeneous structural rejuvenation can
be induced by thermo-mechanical creep and strain-rate deformation, addressed in
Chapter 6. The change of plasticity induced by creep is presented in Section 6.1. Through
the study of defects-creation process (Sections 6.2 and 6.3), the mechanism of
homogeneous structural rejuvenation is discussed in Section 6.4.
The goal of this work is to target two questions: (a) what controls the intrinsic
plasticity in BMGs? (b) How can room-temperature plasticity be improved? These two
questions are addressed by my research work in this dissertation. Conclusions and
emergent questions in the course of this work are addressed in the Chapter 7.
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Chapter 2 Literature Review
2.1 Development of BMGs
Metallic glasses are materials far away from equilibrium state. They maintain the
high temperature (HT) liquid structure but atoms are frozen because of kinetic arrest
below glass transition temperature, Tg. To produce metallic glasses, fast cooling from
liquid or vapor phase is required to avoid the nucleation of their counterpart crystal
phases. In 1959, Duwez et al.[11] prepared the first metallic glasses Au75Si25 in thin foil
form by splat quenching with a cooling rate of ~106 K·s-1. Following this discovery,
intense interests have been drawn to study the formation and fundamental properties of
metallic glasses. Before 1990, metallic glasses only in droplet or ribbon form were
produced by splat quenching, melt spinning, or vapor deposition method. After 1990,
BMGs with three dimensions above several millimeters were made by conventional mass
production method, copper mold casting. The critical cooling rate for BMGs to hinder
crystallization kinetics was dramatically reduced to 103 K·s-1~1 K·s-1 [12]. The criteria of
making BMGs summarized by Inoue consist of three factors: (1) multiple alloying
elements; (2) atomic size mismatch larger than 15%; (3) negative mixing enthalpy[12].
These three empirical rules reflect the theoretical essence of the slow crystallization
kinetics, stabilized supercooled liquid states, and high glass-forming ability, i.e. (1)
higher degree of dense randomly packing local structure, (2) increase of solid-liquid
interfacial energy, (3) and strong short-range chemical interactions. Following this
criteria, a great number of BMG systems exceeding 500 types are fabricated, such as
Ln(Lanthanide metal)-, Mg-, Zr-, Ti-, Ca-, Cu-, Pt-, Pd-, Au-, Fe-, Co-, Ni-based
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BMGs[9]. The development of metallic glasses with a good glass forming ability makes
the study of BMGs’ properties possible.
2.2 Mechanical Properties of BMGs
As a result of the development of BMGs, conventional mechanical testing methods
can be conducted. Since then great attentions have been drawn into researches in the area
of mechanical deformation in BMGs. The study of BMGs’ mechanical behaviors covers
a variety of ranges. From the view of mechanical testing, study includes quasi-static and
dynamic deformation, hydrostatic pressure effect, creep, and fatigue at both low and high
temperature. From the perspective of BMGs’ performance, researches emphasize yield
strength, ductility, plasticity, fracture toughness, and creep resistivity. All these
macroscopic mechanical behaviors connect with the properties of microscopic
deformation defects. However, understanding the behavior of deformation carriers in
BMGs is extremely challenging as described in the rest of this chapter. On the other hand,
it provides an opportunity for ambitious researchers to understand the mystery of the
nature.
2.2.1 Local Inelastic Deformation
BMGs have higher yielding strength than traditional commercial metals and alloys.
The yielding strength of some Fe-based BMGs can reach to ~3GPa, very close to the
theoretical strength (Fig. 2.1). Also, 2% elastic limit is universal for BMGs with varying
composition deformed at room temperature (RT)[5], which is several times larger than
for conventional metals and alloys. Thus, BMGs have a very high resistance to plastic
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deformation. However, BMGs’ shear modulus is ~30% smaller than their crystal
counterparts[13, 14], which cannot be explained by a simple density difference (only
0.5~2%) between BMGs and crystal phases[15] although yield criteria of BMGs show
small pressure-dependence, i.e. compressive yielding strength is higher than tensile
yielding strength[16]. Additionally, G shows stronger temperature dependence than bulk
modulus (B)[17]. The change of G with temperature below Tg is two times of the change
of B[17]. These abnormal phenomena in the variation of G suggest there may be extra
contribution from structural change. Although macroscopic plastic deformation does not
occur before yielding, the onset of local inelastic deformation happens in elastic regime
as revealed by both experimental[18, 19] and simulation results[20].

Figure 2.1 Ashby map of the damage tolerance of materials[13].
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Simulations show that the large difference in shear modulus is caused by relaxed
local elastic strain through topological rearrangement[20, 21]. Atoms in topological
unstable regions are easily excited by external stress and these regions act as defects to
accommodate large deformation. Topological rearrangement in these unstable regions,
shear transformation zones (STZs) defined by Argon[22-24], is driven by pure shear
stress. Simulation results[21] indeed demonstrate that the topological rearrangement
decreases the shear modulus by 30%, in agreement with modulus measurement. Paulsen
et al.[25] firstly used pair distribution function (PDF) technique to analyze local elastic
strain and found that local elastic strain is 37% smaller than the macroscopic elastic strain
in Mg60Cu30Y10 BMG. Using the same technique, Hufnagel et al.[26] also found that
microscopic strain is ~5% smaller than macroscopic strain in Zr57Ti5Cu20Ni8Al10 BMG
and pointed out that this large strain deviation comes from a significant inelastic
component due to atomic rearrangements in topologically unstable sites. Dmowski et
al.[19] utilized more accurate method, anisotropic PDF, and found that there exists 24%
of “liquid-like” sites in Zr52.5Cu17.9Ni14.6Al10Ti5 BMG. Both experiments and simulations
confirm that BMGs’ response to external stimulus is microscopically heterogeneous and
an applied stress even below yielding can excite unstable atomic sites to relax local stress.
At RT, the local inelastic deformation is an instantaneous response, which can be
recovered immediately after removing external load[19]. With the increase of
temperature, the other type of local inelastic deformation, namely anelastic deformation,
shows time-dependent behavior as observed in creep test, and its recovery requires
certain time following an exponential decay[18, 27, 28]. Therefore, high temperature
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anelastic strain can be easily frozen into sample through quenching or cooling under
stress[18, 19, 27-29], which is impossible for the inelastic deformation at RT. On the
other hand, the length scale of local topological rearrangement for RT inelastic
deformation and anelastic deformation is different as demonstrated by anisotropic
PDF[19]. Whether different types of local topological rearrangement are involved in
BMGs’ mechanical properties needs further study.

Figure 2.2 Schematic diagram of 1-dimensional potential energy landscape[30].

Harmon et al.[30] explained the time-dependent anelsticity in BMGs from potential
energy landscape (PEL) view. Recoverable anelastic behavior is considered as a
stochastic hopping event between sub-basins confined within the mega-basins, i.e. the β
relaxation[30]. Since deformation defects are confined within nondeformed matrix, the
initial configurational state is conserved. Once the β event transits to a hopping between
mega-basins, deformation defects lose the memory of their initial configuration and then
viscoplastic event, i.e. the α relaxation, appears[30]. This provides some microscopic
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understanding of macroscopic homogeneous deformation at HT but the microscopic
origin of inhomogeneous deformation is ignored in this PEL picture.
Even below Tg BMGs does not behave like a solid because of structural heterogeneity.
The local inelastic deformation at unstable regions should be responsible for the overall
properties shown by BMGs. But how to characterize these defect regions and find the
correlation between the local inelastic deformation and macroscopic mechanical
behaviors is still challenging.
2.2.2 Heterogeneous Plastic Deformation
Unlike crystalline metals and alloys BMGs’ plastic deformation at RT is unique
because of the disordered atomic structure. RT plastic deformation is strongly localized
into very thin primary shear band (~20nm)[31, 32]. During the inhomogeneous
deformation, many events occur resulting first in yielding and then final failure,
including[33]: (1) initiation of shear band, (2) propagation of shear band, (3) nucleation
of nano-voids, and (4) coalescence of voids leading to failure. For ideal glass without
casting defects, yielding is due to the percolation of homogeneously activated unstable
regions, as proposed by simulations[34]. In reality, yielding strength is lower than
theoretical value indicating that yielding limit is below the percolation limit[7].
Experiments demonstrate that yielding strength shows size effect, e.g. a metallic glass
wire has twice higher yielding strength than bulk form[7]. It is then very likely that shear
bands preferentially initiate from casting defects, such as voids and imperfections on
surface, which act as stress concentrators. Once stress is over certain threshold, shear
band is initiated in an inhomogeneous way. During the propagation of shear band, there is
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no strain hardening effect because shear band is much softer than non-deformed
matrix[35] (shear thinning). Structural studies reveal that structural rejuvenation happens
in shear bands so that there is no hardening mechanism in BMGs[36]. And the difference
in hardness between shear band and surrounding matrix accelerates the strain rate
mismatch, often resulting in a catastrophic failure[22]. In addition, TEM study[37]
[38]found the presence of voids with a diameter ~1nm in shear bands which is not
observed in nondeformed matrix. The formation of voids is related to structural
rejuvenation and local heating in shear bands. Structural rejuvenation is accompanied by
density fluctuation[36] and then excess volume around unstable regions is generated[39].
These excess volume can accumulate together to form voids during the propagation of
shear bands. And these voids can assist the formation of crack along the shear band
leading to a failure.
Both brittle and ductile BMGs share the same inhomogeneous deformation process,
but for ductile BMGs multiple secondary shear bands are formed to slow down the
propagation of the primary shear band[2, 40-43]. The generation of multiple secondary
shear bands can release more energy by distributing plastic deformation over large
volume. This provides one way to solve the catastrophic failure, a crucial drawback for
engineering application. And plenty of researches have been effectively conducted to
increase RT plasticity by introducing multiple shear bands, such as cold-rolling[44-46],
shot-peening[47, 48], equal channel angular pressing[49, 50]. Moreover, BMGs’ intrinsic
ductility is often correlated with low G/B ratio or high Poisson’s ratio (ν)[41, 43, 51].
Lewandowski et al.[51] found a critical value for ν (~0.31) above which metallic glasses
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are ductile. The two most ductile BMGs found by Schroers et al.[41] and Yokoyama et
al.[43] satisfy this finding. The plasticity of ductile BMGs is very unstable since
annealing at elevated temperature can lead to ductile-to-brittle transition[10, 52-54]. The
value of ν for the annealed samples is still much larger than 0.31, which seems contradict
the correlation. We also notice that some Pd-based BMGs are very brittle but have ν of
0.4[55], even larger than ductile Zr-based BMGs[43]. These abnormalities require further
study to clarify whether the correlation between ductility and ν is universal.
2.2.3 Homogeneous Plastic Deformation

Figure 2.3 Pd40Ni40P20 metallic glass tension specimens before and after tensile
homogeneous deformation at 620K and

.[56]

At low strain rate and temperature around or above Tg, plastic deformation is
macroscopically homogeneous without the formation of localized shear bands. At such
temperature, plastic deformation of BMGs behaves as viscous flow. Fig. 2 shows that a
tension sample was stretched to 1000% elongation without failure[56]. Because of this
excellent net-shape formability, BMGs can be blow molded into complex geometry[3]
which is impossible for traditional metals and alloys at such low temperature (~400℃).
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This unique property has been successfully applied in making devices and imprint
technology[57].

Figure 2.4 Stress-strain curves of Vitreloy 1 at 643K and different strain rate[58].
At high strain rate and HT, stress-strain curves show an overshoot behavior, as shown
in Fig. 2.4. The amplitude of overshoot depends on the strain rate and after this a steady
state is reached. The flow stress at steady state varies with strain rate. Homogeneous
deformation includes two types, Newtonian flow and non-Newtonian flow, according to
the relationship between flow stress and strain rate, i.e. linear or non-linear. In nonNewtonian regime, viscosity of steady deformed samples is a function of strain rate[58],
and the corresponding structure also becomes more disordered with the increase of strain
rate[59]. Demetriou et al.[60] found that shear modulus decreases with the increase of
strain rate in non-Newtonian regime, consistent with the structural change. It is worth to
mention that time-dependent anelastic deformation always coexists with homogeneous
deformation[29], indicating that deformation mechanism at HT is different from RT
inhomogeneous deformation during which fast inelastic deformation occurs[19].
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2.3 Phenomenological Deformation Models
2.3.1 Free Volume Model

Figure 2.5 Schematic illustration of the atomistic deformation mechanism proposed by
Speapen[39].
The classic free volume model was developed by Cohen and Turnbull[61-63]. They
found a strong correlation between molecule diffusion and free volume in liquids and
glasses[63]. Later, Spaepen[39] applied this free volume model to the deformation of
metallic glasses. In this model, plastic deformation is accommodated by a single atomic
jumping process, as schematically shown in Fig. 2.5. To make the diffusion-like jump
happen, a specific environment near the jumping atom is required: an excess volume
adjacent to the diffusing atom must be larger than a threshold, 80% of the average atomic
volume estimated from hard sphere model[39]. This jumping atom has high atomic
volume comparing to the average value and the volume difference is defined as free
volume. For a free-standing sample, atoms around excess volume can jump back and
forth under thermal activation and the number of jumps across the activation barrier is
equivalent in both directions. If an external force is applied, the number of jumps is
biased in the direction of the force, resulting in a net forward flux of atoms.
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The complete different deformation behavior at RT and HT is determined by a
fraction of potential jump sites or density of free volume. Although the reason of the
formation of shear bands is not clear, free volume successfully explains the boundary
between inhomogeneous and homogeneous deformation[39]. This is due to two
competing processes, the creation and annihilation of free volume. The homogeneous
steady-state indicates a dynamic balance between the creation and annihilation of free
volume. When an atom jumps into a smaller volume being less than 80% of average
atomic volume, free volume is then generated by squeezing atoms surrounding the excess
volume. But free volume cannot be monotonically increased since a steady state requires
a mechanism of annihilating free volume. Density measurement finds that annealing
increases the density of BMG samples and embrittles BMGs[52, 53, 64], consistent with
the proposed annihilation of free volume.
Although free volume theory explains some mechanical behavior successfully, the
fundamental assumption is questionable. The excess volume (80% of average atomic
volume determined from hard sphere model, such as molecular liquids) is too large for
metallic liquids in which it is only about 10%[65]. The change of BMGs’ density induced
by annealing is less than 0.5% but it leads to a dramatic change in plasticity, a ductilebrittle transition. In addition, this diffusion-like jump process is not observed by
molecular dynamics (MD) simulation[66]. These question validity of the free-volume
defect concept in metallic glassy systems.
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2.3.2 Shear Transformation Zone Model
Argon[22] proposed that the plastic deformation is related to local collective motion
involving a few number of atoms, denoted as shear transformation, rather than single
atomic jump. Shear transformation favorites free volume sites, but it does not require
excess volume greater than 80% of average atomic volume since adjacent atoms are not
fixed. In other words, shear transformation can occur at regions with free volume less
than 80% of average atomic volume. Argon[22] also linked free volume to atoms with
lower coordination number. Because coordination number has a distribution as revealed
by simulation[67], the activation energy of free volume sites also has a distribution.

Figure 2.6 Schematic illustration of the atomistic deformation mechanism proposed by
Argon[22].

Shear transformation is essentially an inelastic deformation induced by shear stress in
a local cluster of atoms, defined as shear transformation zone (STZ)[22]. At low
temperature, shear transformation occurs in a disk shaped region as shown in Fig.
2.6[22]. During the shear transformation, local dilatation is produced since the
surrounding atoms are pushed apart. The dilatation induced by flow stress causes local
softening continuously and finally results on the formation of shear bands if this
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dilatation cannot be released (shear thinning). At HT, free volume created during the
dilation process can be redistributed by atomic diffusion as suggested by Argon[23]. And
the redistribution process can avoid the formation of localized shear bands if strain rate is
not too high.
Argon[23] also suggested a correlation between anelastic deformation and
viscoplastic deformation. In the early stage of deformation, STZs are isolated in spatial
space and topological rearrangement in STZs can only release partial stress meanwhile
back stress generated by nondeformed matrix prefers to recover the original state. This
recoverable configurational state corresponds to an anelastic event[23, 30]. When a large
amount of STZs are activated, STZs are likely to contact each other and then topological
rearrangement can occur in a relatively large region. If back stress is fully released by the
local rearrangement, atoms loose the memory of their original state, i.e. anelastic strain
becomes plastic strain[23, 30]. This anleastic-to-viscoplastic transition has been
experimentally verified by Harmon et al[30].
Following Argon’s work, researchers were trying to find the correlation between
ductility and intrinsic properties of STZ. Using nanoindentation technique, Pan et al[68]
found that BMGs with higher Poisson’s ratio, , have larger STZs’ size and better
ductility. According to their estimation, STZ includes ~200-700 atoms by fitting a
constitutive equation, as

where

is strain rate,

function of stress, and

is constant,

is the Boltzmann constant,

is temperature,

is a

is the volume of STZ. Using the same nanoindentation
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technique, some researchers, however, estimate that STZ include 20~30 atoms[69]. The
accuracy of STZ size estimated by these indirect characterization methods is still under
debate since several parameters can be tuned in the fitting formula. Recently, Fan et
al.[70] found that the trigger event of STZs only involved 5 atoms on average. Also, note
that a parameter indexing STZ density is ignored in the model. Later, Falk and Langer
[71-73] developed new constitutive equations in terms of STZ density, which also
reproduced the experimental data for plastic deformation behaviors in BMGs. Still, there
is no certain answer to judge which STZ model is close to reality.
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Chapter 3 Experimental Setup and Data Analysis
3.1 Introduction
Since BMGs have no periodic structure, sharp diffraction peaks are replaced by broad
diffuse scattering bumps.

Short-range order (SRO), however, is embedded in this

diffusive signal extended to large

space. SRO structure information from diffuse

scattering can be extracted through the analysis of structure function in Q space and its
corresponding real space form obtained by Fourier transformation, PDF. The advantage
of PDF is that it retains diffuse scattering information which is discarded by the powder
diffraction analysis technique and provides local structure information.
Deformation defects in BMGs are localized so any macroscopic structural change in
BMGs must start from the local topological rearrangements in these unstable regions.
Defect characterization in real space, such as TEM and High Resolution TEM, is
extremely challenging because atomic image contrast between defects and their
surrounding atoms is ambiguous and the fast process of local topological rearrangement
requires very high time resolution. Instead, PDF is a proper tool to probe the structure
before and after the activation of these deformation defects. Intrinsic properties of
deformation defects can be obtained from the difference between the non-deformed and
deformed structure.
3.2 Experimental Details
High energy X-ray diffraction study is performed at beam stations ID-1, ID-6, and
ID-11 of Advanced Photon Source, Argonne National Laboratories. Details about these
beamlines

can

be

found

at

http://www.aps.anl.gov/Beamlines/Directory/.

The
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monochromatic high energy X-ray suitable for our research are firstly generated by the
acceleration of electrons travelling in the storage ring, then formed by optical
components in the front end, and finally obtained in the beamline hutch.

Figure 3.1 Layout of storage ring.
The sample environment in the hutch is schematically shown in Fig. 3.2. In-situ
compression or tension experiments can be performed at ID-1 and ID-11. HT
measurements are feasible at both ID-1 and ID-6. Beam size is adjustable for specific
experimental requirements. Two-dimensional (2-D) detector having 2048 × 2048 pixels
with 200 μm × 200 μm pixel size is placed downstream to collect diffraction pattern. A
beam stop is often mounted at the center of the detector to avoid any damage to the
detector caused by high energy beam. The position of 2-D detector can be arranged to a
proper place to obtain enough structure signals from studied samples for further PDF
analysis. The sample-detector distance can be calibrated using a standard powder, e.g.
cerium dioxide (CeO2).
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Figure 3. 2 A schematic view of a typical high energy X-ray diffraction.

Sample size for high energy X-ray diffraction study is important because of the
consideration of background and absorption correction. For ex-situ structural study, thin
slice samples with 0.5mm thickness are prepared. For in-situ compression or tension
structural study, cylinders with a diameter less than 2mm are used. In order to obtain
good statistical results, appropriate exposure time and the number of frames has to be
optimized for every sample with the constraint of saturation intensity for 2-D detector. In
addition, dark images are also collected to reduce the signal from thermal excitation in 2D detector and noise in the electronics.
3.2 Data Analysis
High energy X-ray diffraction essentially measures the scattering cross-section of a
system studied. And all coherent scattering is given as
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where

is coherent scattering cross-section,

is scattering factor of the
, and

atom,

is the number of atoms in a system,

is scattering vector whose amplitude is given by

is the position of the atom . Total scattering structure function

or structure function is then obtained by the following formula

where the term

is named Laue monotonic scattering. And Laue monotonic

scattering term is used for convenience to make
reaches to

approach unity at large

because

at large .

The data collected from high energy X-ray has to be processed because it contains not
only scattering from sample but also from air and experimental apparatus. Thus, we have
to measure instrumental background to get clean structure signal from samples. The
practical procedure to obtain

or

, however, is more complex. First, some

part of scattering is absorbed by sample itself. Second, multiple scattering occurs, i.e.
photons are scattered twice or more times in a sample before arriving the detector. Third,
Compton scattering, fluorescence have to be removed. Forth, correction for dead time
between intervals of recording photons is required. Fifth, proper normalization is required
to obtain structure function. All these procedures can be done easily using PDFgetX2 or
PDFgetX3 software but any errors in corrections will influence the final structure
function. Details about these corrections can be found in the manual of PDFgetX.
Atomic PDF is the Fourier transformation of

given as
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where
PDF (

is the atomic density. Other forms of PDFs are also often used, such as reduced
), pair density function (

, and radial distribution function (

). They

have the following relationships

The

where
number,

has useful property that the coordination number can be calculated through

and

define the coordination shell. For a material with known coordination
also acts as a benchmark to evaluate the processing procedure of structure

function.
Above-mentioned data analysis process works perfectly for isotropic materials.
BMGs with anisotropic structure (e.g. BMGs under uniaxial stress), however, needs
another means of data analysis, spherical harmonics expansion. The spherical harmonics
forms of structure function and pair distribution function are given as
(1)
(2)
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The components of the anisotropic structure function and their corresponding
components of the anisotropic pair distribution function are correlated by following
transformation

where is

a spherical Bessel function. In this work, the 0th and 2nd order terms are

often used because the structural information of higher order terms is negligible.
represents volume change induced by pressure while

indicates structural change

induced by pure shear stress. By examining the change of these two components of total
PDF induced by external stimulus, deformation theories of BMGs can be examined.
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Chapter 4 Local Stress Relaxation Modes in BMGs
4.1 Introduction
Structure-mechanical deformation relationship in metals and alloys is well understood
because of unambiguously identified plastic deformation carrier such as dislocation.
Unlike dislocation in metals and alloys, lack of well-defined defects in BMGs makes the
study of structural origin of plastic deformation particularly challenging. Currently, the
broadly accepted plastic deformation theory of BMGs is phenomenological STZs theory
proposed by Argon[22, 23]. STZs theory provides reasonable atomic mechanisms of
heterogeneous deformation[22] at RT and homogeneous deformation[22, 23] at HT, but
experimental verification of these atomic mechanisms by directly characterizing STZs is
still missing. The lack of studies on direct characterization of STZs in real space by TEM
and even HRTEM is due to the inherent features of STZs: a) shear transformation in
STZs is activated by external stresses and has limited time-scale[74]; b) atoms in STZs
have no clear structural contrast with atoms in surrounding matrix[75].
Existing methods of STZs characterization are indirect and rely on macroscopic or
microscopic mechanical tests, such as HT compression [74, 76, 77] and RT
nanoindentation[68, 69, 78]. To estimate STZ size and density, data obtained from those
mechanical tests are fitted by formula [5, 22, 78] derived from a STZs model. Using
nanoindentation technique, Pan et al. found that BMGs with higher Poisson’s ratio, ,
have larger STZs’ size[68] and better ductility. This finding, however, is not general
since there are brittle Pd-based BMGs[55] with

higher than some ductile Zr-based

BMGs[43]. Moreover, HT mechanical tests estimate that STZs contains 20~30 atoms[74,
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76, 77]. Other RT nanoindentation investigations estimate that STZs include 20~30
atoms[69, 78] while values around 200~700 atoms[68] are also claimed. These STZ size
values, however, without doubt mislead us to conclude that STZ size is constant or even
decreases with temperature, which is shown wrong later in this work. Additionally, the
size of STZ estimated by these indirect characterization methods is questionable since
several parameters are tuned in the fitting formula. Also, STZ density is ignored in most
of the formulas.
Here, we demonstrate that anisotropic component of the PDF[18, 19] is an accurate
method of characterizing both defects’ size and density because it describes local atomic
rearrangements in response to stress in terms of inter-atomic position in real space. More
importantly, this method firstly provides a direct evidence of defects’ structure without
relying on STZ model fitting. In the following section, the theoretical basis of anisotropic
PDF is discussed first, and then utilizing this framework, we found two types of
mechanical responses, i.e. fast and slow local stress relaxation modes, in defect regions.
4.2 Characterization of Fast Local Stress Relaxation in Defect Regions
The basic idea of deformation defects characterization is to compare the structure of
BMGs in the activated defects state with the structure expected for affine deformation i.e.
ideal elastic state. It is experimentally demonstrated that localized plastic deformation can
be activated in elastic regime at room temperature[19]. Thus to examine the structure of
the activated defects state in-situ diffraction studies are performed on metallic glasses
under uniaxial stress below yielding point. The 2-D diffraction patterns are collected
using high energy X-ray as a function of the applied load. By processing this 2-D
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diffraction pattern, we obtain isotropic PDF,
anisotropic PDF,

, reflecting volume change, and

, containing information about the shear-induced structural

change. Since plastic deformation in activated defects is purely a shear-induced event,
should provide intrinsic information about deformation defects. For pure affinedeformation state
derivative of

can be calculated through an expression in terms of the first
as
(3)

where “±” signs indicate compression and tension respectively, and

is the affine

strain. Therefore, structural comparison between the activated defects state and affinedeformation state is just the difference in the respective anisotropic PDFs.
Fig. 4.1 compares experimental

for Zr65Cu17Ni8Al10 BMG under 400MPa at

room temperature (300K) and corresponding calculated
deviates from

below 4 Å, which means

elastic strain. The smaller magnitude of

. Intriguingly,
cannot be fitted by a constant

below 4 Å indicates that local atomic

strain is smaller than macroscopic elastic strain. The origin of the smaller local strain is
examined by Iwashita et al.[79] using MD simulation. Their results demonstrate that local
topological rearrangement in terms of bond-breaking and bond-forming relaxes local
stress leading to a reduced local strain. Consequently, the difference between
and

,

, reflects the intrinsic properties of deformation defects, and

quantitative analysis of

is discussed in detail below.
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Figure 4.1 Anisotropic PDFs for activated deformation and affine deformation state.
is calculated by matching
Å and 24 Å. Obvious difference between

and

over r range between 6.6
and

is seen below 4 Å.

First, an average radius of deformation defects can be determined from
4.2 shows

. Fig.

for Zr65Cu17Ni8Al10 BMG under different stresses below yielding at

RT. The amplitude beyond 4 Å is negligible, however, a dramatic difference below 4 Å
demonstrates that topological rearrangements mainly occur in a spherical region with a
radius about 4 Å, corresponding to the first atomic shell determined from

(Fig.

4.3). Accordingly, for Zr65Cu17Ni8Al10 BMG the deformation defects activated at RT
includes 15 atoms, equal to the center atom plus an average coordination number (CN)
calculated from

using
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where

means the first minimum of

and

is the atomic number density.

More importantly, Fig. 4.2 reveals that there is no stress dependence for the defect size at
RT.

Figure 4.2 Structural change induced by topological rearrangement.

is

calculated for Zr65Cu17Ni8Al10 BMG under stresses without yielding. Defect size is
determined from strong signal below 4 Å in

. Defect density is reflected by

.

Next, the amplitude of

reflects the other intrinsic characteristic of

deformation defects, namely the density. Iwashita et al.[80] found that the number of
atoms participating in topological rearrangement can be calculated by a formula given as
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where “+” is for uniaxial tension case and “–” is for uniaxial compression. Using this
equation, we found that

linearly increase with stress in elastic regime (Fig. 4.2).

Because defect size does not change with stress, the increase of

must be due to the

increase in number of activated defects. Clearly, our analysis based on

reveals

that defect size and density can be directly characterized without a need to arbitrary tune
several fitting parameters as is done in the previously described methods.

Figure 4.3 Isotropic PDF for Zr65Cu17Ni8Al10. The structure is measured at 0MPa and
300K.

30
4.3 Composition, Pressure, and Temperature Influence on Fast Stress Relaxation
4.3.1 Chemical Composition Effect on Deformation Defects
We now consider the effect of the chemical composition on defect size and density
utilizing above method. Several studies suggest that the ductility of BMGs is correlated
with high Poisson’s ratio, but some abnormalities point out that this correlation may not
be general: first, annealing below Tg makes ductile BMGs brittle but hardly change ν
(less than ±2%)[17]; next, the ductility of Zr-based BMGs shows strong composition
dependence, i.e. a small composition variation without a big change in ν leads to a brittleductile transition; third, some Pd-based BMGs have higher ν than most Zr-based BMGs
but they are brittle. To understand what controls intrinsic ductility we study several Zrbased BMGs with different ductility, Pd-, and Pt-based BMGs with the largest value of ν.
Fig. 4.4 shows the composition dependence of

for Zr-, Pd-, and Pt-based

BMGs respectively. All Zr-based BMGs show strong signal in the first atomic shell and
small oscillations comparable with noise beyond the first atomic shell. Also, Pd- and Ptbased BMGs exhibit the same behavior although the second shell of Pt-based BMG has a
relatively large oscillation. Comparing with Zr-based BMGs, Pd- and Pt-based BMGs
have a smaller first atomic shell (around 3.5 Å), but the average CN of Pd and Pt BMGs
is the same as Zr-based BMGs. Therefore, the deformation defects of Zr-, Pt-, and Pdbased BMGs include the same amount of atoms although the radius of deformation
defects varies with composition. Our results, however, contradict the evaluation made by
nanoindentation technique that BMGs with high ν have relatively large STZ size[68].
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Moreover, annealing does not effectively change defect size for Zr65Cu17Ni8Al10 BMG,
consistently with recent nanoindentation results by Li et al[78].

Figure 4.4 Composition dependence of STZ size. a,

for Zr-based BMGs.

Zr65Cu17Ni8Al10_0 and Zr65Cu17Ni8Al10_1 refer to as-cast sample and sample annealed at
573K for 24 hrs. b,
Anisotropic PDF used to obtain
stress, 1000MPa.

for Pd-based BMGs and Pt57.5Cu14.7Ni5.3P22.5 BMG.
are all measured under compressive uniaxial
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Now we examine the correlation between ductility and defect density. Here, instead
of using stress dependent
The

, we define a normalized parameter,

.

has a remarkable simple relationship with the concentration of atoms having

topological change,

and the stress relaxed by topological rearrangement in activated

defects,

, given as

where

corresponds to affine deformation. This expression clearly defines the physical

meaning of , i.e. stress relaxation ability. The parameter

does not depend on stress in

elastic regime (Fig. 4.5).

Figure 4.5 The influence of stress on stress relaxation ability.
Fig. 4.6 presents -ν map for all BMGs we studied. In this map, three BMGs above
the orange line exhibit above 20% plasticity[10, 41, 43] and even show some tensile
plasticity[2, 43] while BMGs below the line have no tensile and compressive plasticity or
compressive plasticity less than 2% (see stress-strain curves in Fig. 4.7). For ductile
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Zr65Cu17Ni8Al10, annealing decreases its

resulting in ductile-to-brittle transition. Two

ductile Zr-based BMGs with the high concentration of Zr element (≥ 65 at%) have their
above the boundary. Brittle Pd-based BMGs with ν higher than these two ductile Zrbased BMGs, however, have

below the boundary. Interestingly, the

of

Pt57.5Cu14.7Ni5.3P22.5 is extraordinarily high, consistent with its resistance to brittleness
induced by annealing[81]. Based on our characterization method, we reveal that defect
density controls the ductility rather than defect size and ν. Also it is clear from the map
that Zr-based alloys are marginally ductile thus sensitive to production conditions and
quenching rate.

Figure 4.6 Composition dependence of stress relaxation ability. For each sample,

is an

average value of four measurements under different compressive stresses, 400MPa,
600MPa, 800MPa and 1000MPa. The orange dash line with

= 0.15 is plot to emphasize

three extremely ductile samples. 0 and 1 refer to as-cast sample and sample annealed at
573K for 24 hrs.
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Figure 4.7 Compressive stress-strain curves for Zr- and Pd-based BMGs. Cylinder
samples with 2mm diameter and 4mm length were used for uniaxial compressive tests at
room temperature.

The compression tests were performed at strain rate 2×10-4 s-1.

Zr65Cu17Ni8Al10_1 refers to sample annealed at 573K for 24 hrs.
4.3.2 Pressure Effect
BMGs’ plastic deformation at room temperature is asymmetrical under compressive
and tensile load and the brittle fracture under tension is ascribed to pressure or normal
stress effect. However, the influence of normal stress on the activation of deformation
defects remains elusive. Here, we compare tension and compression cases using the
above-mentioned method. By comparing

, we find that the size of activated

defects has no pressure dependence and topological rearrangement stays within the first
atomic shell for both compression and tension (Fig. 4.8). However,

shows strong

dependence on the sign of normal stress, as presented in Table 4.1. A small

indicates

BMGs’ brittle tendency under tensile load. In addition, two intrinsic features of
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deformation defects in BMGs are discovered: a) deformation defects behave more
unstable under tensile load; b) volume expansion does not assist local topological
rearrangement in defects. This unusual behavior reveals that free volume theory does not
reflect the microscopic reality of defects in metallic glass system.

Figure 4.8 Comparison of
used to obtain

under tensile and compressive load. Anisotropic PDF

are all measured under compressive or tensile uniaxial stress,

1000MPa. In order to do comparison,

for tension cases is flipped down.
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Table 4.1 Normal stress effect on stress relaxation ability
Zr50Cu40Al10

Sample
Compression (%)
Tension (%)

Zr55Cu30Ni5Al10 Zr65Cu17Ni8Al10_0 Zr65Cu17Ni8Al10_1

10.7
7.1

10.0
7.9

15.6
10.3

14.4
8.0

4.3.3 Temperature Effect
We now discuss how temperature affects defects. Fig. 4.9 shows

measured at

two temperatures (300K and 623K) for Zr65Cu17Ni8Al10 BMG. Importantly,
measured at 623K starts to deviate from

at r value beyond the first atomic shell,

indicating defect size grows with the increase of temperature. Likewise to defect size, the
value of

also rises with temperature (Fig. 4.9e). The increase of

with temperature is

not linear but surges at temperature close to Tg. At low temperature, defects are isolated
from each other and confined in elastic matrix. However, when temperature is high
enough deformation defects are no longer isolated but connect with each other[23]
through growth in size and the increase of density. Therefore, more local stress can be
relaxed at high temperature. Here, we only perform quasi-static mechanical testing during
structural study, but it is worth to mention that defect size has strain-rate dependence at
HT as found by MD simulation[79].
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Figure 4.9 Temperature effect on deformation defects. a and b, Comparison of
and

for Zr65Cu17Ni8Al10 BMG under different tensile stresses at 300K. c and d,

Comparison of

and

and black dash lines are

at 623K. In a, b, c, and d, colored curves are
. e, temperature effect on stress relaxation ability.
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Figure 4.9 continued
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Figure 4.9 continued
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Figure 4.9 continued
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4.4 Characterization of Slow Local Stress Relaxation in Defect regions
Besides fast local stress relaxation mode, metallic glasses also exhibit a timedependent deformation behavior, namely anelasticity. Anelastic deformation is
distinctively defined in creep test for viscoelastic materials. It generates macroscopic
strain but it is the other type of localized plastic deformation with different time scale and
length scale comparing with fast local stress relaxation. Here, we firstly show structural
characterization of anelastic deformation. Then, its length scale and stress relaxation
ability are discussed using the same method applied to fast local stress relaxation mode.
Fig. 4.10a shows the change of anisotropic structure function,

, during a creep

at the constant stress 800MPa and fixed temperature 573K. To obtain the
contributed from time-dependent anelasticity we subtract the
by elastic deformation from the total

only

component induced

The elastic

was immediately

measured after the creep stress value is reached. The amplitude of

increases

rapidly during the first 3 hrs creep and then gradually slows down. For a viscoelastic
material, anelastic strain exponentially increases to a saturation value during creep, which
is well-described by Kelvin-Voigt (KV) model, i.e. a parallel connection of a spring and a
dash-pot. In the insert of Fig. 4.10a, the intensity of the first peak in

is plotted

against time and then they are fitted by the equation based on KV model:
(4).
Here, σ0 is the applied stress, and the relaxation time

where

is viscosity. The

agreement between KV model and the peak intensity change of S20Q) confirms this
time-dependent structural change indeed has the anelastic nature. The fitting gives

~
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9000 s, consistent with the high viscosity of glassy state below Tg. Therefore, the speed of
anelastic response is controlled by viscosity.
Fig. 4.10b represents the scaling effect of time-dependent

. The master curve

reveals a universal mechanism for the anelastic deformation (see ref [82]). We also
compare this master curve with the first derivative of
pure affine deformation
narrower peak and valley at low

. In principle, for the case of

is proportional to the first derivative of
and phase shift at medium

. The

induced by anelasticity

have been proved in Fe-based and other Zr-based MGs before. The recovery of
anelasticity requires time so that it is easily frozen into the sample after creep or HT
deformation. From Fig. 4.10b, we can see that

measured after the creep can be

scaled to overlap the master curve, indicating the sluggish structural change associated
with anelasticity. Its real-space form,
derivative of

, is plot in Fig. 4.10c, together with the first

. For affine deformation,

and

have the relationship

described in Eq. (3). However, this relationship is broken for anelasticity because
induced by anelasticity cannot be fitted by one constant (Fig. 4.10c). In fact, induced
by anelastic deformation shows -dependent behavior. Fig. 4.10c clearly shows that at
range below 8.6 Å is smaller than long-range (above 8.6 Å). MD simulation results
revealed that the reduced local strain was due to local stress-relaxation induced by local
topological rearrangement. This critical value of

indicates the radius of the local

topological rearrangement region induced by anelasticity, which involves ~100 atoms.
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Figure 4.10 (a) The

from in-situ tension creep at 573K and 800MPa. The insert

shows the intensity of the first peak of

versus time and the fitting curve based on

the KV model. (b) The comparison of

with the first derivative of

, i.e. the

affine deformation. All curves are scaled by arbitrary constant. (c) The comparison of
and the first derivative of

for the sample after in-situ tension creep. (d)

The long-range anelastic strain map for 1 hr compression creep.

Fig. 4.10d represents a long-range strain map (obtained by fitting

at

range

between 8.6 and 20 Å) for samples after 1 hr-creep at series of stress and temperature.
Creep behavior is not obvious below 560K no matter of how high the stress is. In
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contrast, a relatively small stress can create large long-range strain and pronounced
viscous flow at 650K. Anelasticity, therefore, strongly depends on temperature in
accordance with the viscosity-determined relaxation time,

. On the other hand, the

stress-relaxation region induced by anelasticity is temperature-independent (see Fig.
4.11). Essentially, topological rearrangement associated with anelasticity is a thermalaccelerated process occurring in regions with a characteristic size.

Figure 4.11 The comparison of

and the first derivative of

for the sample

after creep at different conditions. All anisotropic PDFs were scaled to have the same
amplitude at high r range.
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Chapter 5 Correlation between Local Stress Relaxation and Plastic Deformation
5.1 Introduction
Relaxation dynamics are the key to understand diverse phenomena in glassy
materials, such as glass transition, fragility, non-Arrhenius fashion of viscosity and
diffusion, structural relaxation and rejuvenation, and viscous flow. Isothermal relaxation
spectrum demonstrates four common relaxation processes, α relaxation, β relaxation, fast
process, and boson peak[83]. Tremendous work has been made to correlate these
fundamental relaxations with above-mentioned properties. Still, challenge remains in the
microscopic understanding of some macroscopic phenomena, e.g. deformation. In this
chapter, we utilize microscopic strain characterization tool to unravel the correlation
between relaxation processes and macroscopic mechanical behaviors in MGs including
anelastic, inhomogeneous, and homogeneous deformations.
Anelasticity shows an exponential time-dependent behavior distinctly observed in the
MGs’ creep curve[82]. MGs deform homogeneously at elevated temperature near or
above Tg while inhomogeneously by forming localized shear bands at low temperature.
As a viscoplastic material, MGs also show homogeneous deformation below yield stress
at elevated temperature or even room temperature after enough-time creep[10, 84]. In the
PEL picture[30], the α relaxation is defined as the hopping between two adjacent ‘megabasins’, whereas the β relaxation specifies an elementary transition between the ‘subbasins’ confined in the ‘mega-basins’. In the explanation of homogeneous deformation,
this β relaxation is treated as the recoverable anelastic deformation and its percolation
leads to a macroscopic viscous flow associated with the α relaxation[30]. Unfortunately,
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PEL picture encounters a dilemma of distinguishing homogeneous and inhomogeneous
deformations. To solve the problem, Wang et al.[85] suggested there exists an additional
local α process (causing local plasticity) except for the β and α processes. Yet, the
reconciliation has not been reached in the PEL picture, the relaxation processes identified
in the relaxation spectrum measurement, and the macroscopic deformation behaviors.
In MGs the β relaxation defined in the PEL (or anelastic deformation) is often
assumed to be correlated with the deformation unit, i.e. STZs proposed by Argon[22].
Both simulation and experiments were performed to verify this assumption. In MD
simulation, the length-scale of a single β relaxation is difficult to determine because its
relaxing process easily triggers surrounding deformation units leading to a cascade event.
Instead, by probing the abnormal displacement of atoms at saddle point of the PEL
(trigger of the β relaxation) Fan et al.[86] revealed the trigger center of the β relaxation is
strongly localized with less than 10 atoms, which is consistently smaller than
experimental estimated relaxed deformation units (20 atoms) based on STZ theory[69].
Structure measurement, however, found anelastic deformation induced by thermal-creep
occurs within the third atomic shell involving ~150 atoms[19]. From the length-scale
point of view, anelasticity is close to the local α relaxation in Wang et al.’s PEL
picture[85]. Thus, whether the β relaxation from the PEL corresponds to anelasticity
becomes questionable. On the other hand, the α and β relaxation peaks in the relaxation
spectrum shift towards the high frequency side with increasing temperature whereas the
minimum and boson beak show negligible shifting[83]. Meanwhile, anelastic strain and
viscous flow can be enhanced by temperature[87]. In terms of temperature-dependence
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behavior, anelasticity and viscous flow seem equivalent to the β and α processes defined
from the relaxation spectrum, respectively. Then, the β relaxation defined from the
relaxation spectrum seems different from the β relaxation defined in the PEL.
In the following, anisotropic PDF obtained from 2-D high energy X-ray diffraction
pattern is employed to characterize the local stress-relaxation behavior in a Zr-based MG.
By analyzing the anisotropic PDF measured from the Zr-based MG under different
deformation condition, such as creep, elastic deformation, and displacement-controlled
deformation, we identify two local stress-relaxation modes and reveal their determinant
roles in MGs’ macroscopic deformation behaviors. At last, a reconciled correlation
among MGs’ mechanical behaviors, relaxation spectrum, and PEL is established.
5.2 Results and Discussion
Temperature has a strong impact on MGs’ plastic deformation, as shown in Fig. 5.1.
At room temperature, Zr55Cu30Ni5Al10 sample fails at a brittle manner under uniaxial
tension (top panel of Fig. 5.1a) by the formation and slip of a single shear band. At 573K,
Zr55Cu30Ni5Al10 sample shows both a distinct yielding behavior and 1% plastic
deformation before fracture (top panel of Fig. 5.1a). When tension test is performed at
653K, MG sample deforms homogeneously without break (top panel of Fig. 5.1b). The
temperature-dependent plastic deformation behavior has been observed many times
before. Essentially, there exist two transitions associated with temperature effect: one is
brittle-to-ductile transition (BDT); the other is inhomogeneous-to-homogeneous
deformation transition (IHT) occurring at relatively higher temperature than BDT. The
BDT defined here still belongs to the inhomogeneous deformation range but at certain
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elevated temperature range multiple shear bands can be formed to accommodate large
plastic strain resulting in the BDT behavior.
During the deformation at three different temperatures, we also monitor the structure
evolution of MGs, and after getting

the short-range (2.2-5Å ) and long-range (8.6-

20Å) strains are calculated using Eq. (3). The evolution of their ratio,

, is shown in the

bottom panel of Fig. 5.1a and 5.1b. For inhomogeneous deformation at 300K and 573K,
is almost linear during the tension tests. At 300 K, anelasticity is negligible at least
after 1 hr creep (Fig. 4.10d) so the only relaxation mode at this temperature is non-affine
deformation. Anelastic deformation increases slightly at 573K (Fig. 4.10d), but nonaffine deformation is still the dominant relaxation process. Therefore,

shows the same

trend with the change of macroscopic strain at these two temperatures. The different
relaxation ability at 300K and 573K, however, determines the decrease of yield strength
and the increase of inhomogeneous plasticity. Therefore, the origin of BDT is the
increase of stress-relaxation ability associated with non-affine deformation.
However, the evolution of

for the homogeneous deformation at 653K shows a

unique decay behavior (the bottom panel of Fig. 5.1b). The gradual decrease of
from the constant

differs

in the inhomogeneous deformation case, indicating some additional

contribution. At 653K, the contribution from anelasticiticy has a major impact on the IHT
transition because

at 653K (~ 90 s, see Fig. 5.2) is comparable to the time window for

the homogeneous deformation. Moreover, both simulation and experiments demonstrate
structural rejuvenation is induced by anelastic deformation. Since structural rejuvenation
increases the number of accessible deformation defects,

for the non-affine
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deformation is no longer constant during the deformation. Therefore, stress-relaxation
induced by anelasticity dominates at high temperature leading to an IHT behavior.

Figure 5.1 The correlation between plastic deformation and local stress-relaxation.
Samples are deformed inhomogeneously at low temperature (a) and homogeneously at
high temperature (b).

In Chapter 4, our experimental data demonstrates that there are two stress-relaxation
modes below Tg in the MG of Zr55Cu30Ni5Al10. They have different time-scale and
length-scale: strongly localized non-affine deformation is a fast relaxation process (its
relaxation time is termed as

), whereas extended local anelasticity is a slow relaxation

mode. Relaxation time of anelasticity,

, has a strong temperature dependence, which is

comparable to the duration time of strain-rate controlled mechanical testing (denoted as t)
near Tg. When t is much smaller than

, non-affine deformation dominates and the

macroscopic plastic deformation has the inhomogeneous characteristic. When t is
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comparable with

, anelasticity determines the macroscopic viscous plasticity,

consistent with anelastic-to-viscoplastic transition proposed by STZ theory[23]. In other
words, MG behaves as a quasi-elastic solid if t ≤

and otherwise it behaves like a

visco-elastic solid.

Figure 5.2 The intensity of the first peak of

versus creep time. The dash-line

curve is calculated based on the KV model.

Based on the characteristics of non-affine deformation and anelasticity, their
correlation with relaxation spectrum can be established. From relaxation spectrum
measurement, α and β relaxation peak positions have a strong temperature
dependence[83]. Moreover, β relaxation peak often appears as an excess wing at the high
frequency side of α peak in fragile MG systems while a rare pronounced peak exists in
some strong glasses[17]. The gap between α and β peaks is usually attributed to the
cooperative interaction between them. The correlation between α and β peaks
qualitatively matches the relationship between anelasticity and viscous flow.
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Furthermore, MD simulation[88] proved that

locates at a position corresponding to

the excess β wing. Consequently, the β peak defined in the relaxation spectrum is
associated with anelastic deformation.
Recent MD simulation[89] indentified an elementary excitation based on the change
of atomic connectivity. This local configurational excitation (LCE) only involves 4
atoms. Importantly, the relaxation time of LCE,
temperature (TA > Tg) and the ratio,

, equals to

above the crossover

, rapidly increases below TA. And PDF

calculation confirms anelastic deformation is constituted by a large amount of LCE
events[82]. Therefore, LCE is the precursor of anelastic deformation. On the other hand,
stays between the minimum and the boson peak in the relaxation spectrum.
Although

and

decouple below TA, LCE still contributes to local stress-relaxation.

In terms of time-scale, LCE and non-affine deformation may share some similarity. In the
view of length-scale, non-affine deformation is between LCE and anelastic deformation.
It is worth to notice that LCE is only the core of the deformation unit in MGs. The
occurrence of LCE also affects its surrounding environment, which is ignored in LCE
study. If the surrounding atoms affected by LCE are taken into account, the deformation
unit (equivalent to the STZ concept) has the same length-scale as the non-affine
deformation. Non-affine deformation essentially is a further-relaxed LCE so that only one
fast stress-relaxation mode is observed in our

study. Thus, in the relaxation

spectrum non-affine deformation should be associated with the minimum[83], which is
often ignored in the dynamic mechanical analyzer measurement because of the narrow
frequency window.
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Figure 5.3 PEL picture proposed by our experimental results.

Now, we come to the PEL picture. According to the PEL picture defined by Harmon
et al.[30], the non-affine deformation is missed. Fan et al.[70] demonstrated that the
trigger event, i.e. the excitation from the minimum of a sub-basin to its saddle point,
involves less than 10 atoms. If the cascade of deformation defects is avoided, the
reasonable size for the hopping between two adjacent sub-basins should be consistent
with STZ size and the non-affine deformation region in our study. This hopping therefore
corresponds to the minimum in the relaxation spectrum rather than the β process in the
PEL picture of Harmon et.al[30]. Then, the β relaxation (i.e. anelastic deformation)
should be redefined in the PEL. Since anelasticity is recoverable in spite of requiring
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longer time than the non-affine deformtion, anelastic event should occur within one
mega-basin. Considering its large length-scale and long time-scale in comparison with
the non-affine deformation, anelastic event may refer to a successive sub-basin hopping,
equivalent to the local α process suggested by Wang et al.[85]. Needlessly to say, viscous
flow remains as the mega-basin hopping in PEL picture. Therefore, we proposed a new
PEL picture based on our experimental results (Fig. 5.3).
In summary, through the structure study, two distinct local stress-relaxation modes
are revealed to understand the macroscopic BDT and IHT behaviors. Non-affine
deformation is demonstrated to be a fast relaxation mode dominant at low temperature
whereas anelasticity is a slow relaxation process controlling the homogenous deformation
at high temperature. In particular, we clarify the origin of mystery β relaxation and the
minimum both qualitatively and semi-quantitatively. In addition, relaxation process in the
PEL picture is refined to reconcile with MGs’ mechanical behaviors. The present study
might shed light on the understanding of relaxation phenomenon in other amorphous
materials, e.g. polymer and oxide glass.
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Chapter 6 Structural Rejuvenation in BMGs
6.1 Recoverable Compressive Plasticity Induced by Creep
The combination of superior mechanical properties [90] and net shape formability [3]
makes BMGs attractive structural materials. However, several disadvantages prevent the
use of BMGs for engineering applications. Firstly, most of BMGs show negligible
plasticity at room temperature (RT). Following yielding, strongly localized shear bands
are formed, making BMGs susceptible to catastrophic failure [12]. Next, mechanical
properties of BMGs can be dramatically affected by small variation in the thermal history
or preparation conditions. Frequently samples cast in a small dimension show some
plasticity, while larger samples cooled with a lower rate exhibit failure [91]. Unique glass
compositions that exhibit malleability had been developed for Zr-based [43] or Pt-based
alloys [41]. These glasses are characterized by a high Poisson ratio, which seems to play
significant role in alloys [51] exhibiting intrinsic plasticity. However, even these glasses
became brittle after annealing at elevated temperature [51, 52, 54, 64, 92]. Several
methods have been employed to improve RT plasticity of BMGs, including fabrication of
BMG composites [93-95], severe plastic deformation (cold rolling [96], shot peening
[97], high pressure torsion [36, 98], equal channel angular pressing [49]), RT elasto-static
compression [84, 99], and controlled precipitates [100-102]. For instance after the RT
elasto-static compression at 90-95% of the yield stress Park et al. [84] observed some
improvement in the plastic strain for the brittle binary Zr-Cu glasses. The effect was
attributed to generation of free-volume or isotropic structural disordering by visco-plastic
strains. We should note, however, that these experiments were performed very close to
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the yield stress, σy. It is known that mechanical strength is controlled by the flow stress,
not the intrinsic σy [7, 34, 103]. Therefore such procedures run the risk of inducing
inhomogeneous plastic flow [84]. On the other hand, prolonged RT loading at 80% of σy
resulted in volume expansion and lower shear modulus, but the sample was still brittle
[104].
Thermo-mechanical creep is performed below the elastic limit but at HT where stress
can induce thermally activated flow. It is a homogenous deformation [39]. The creep
deformation is recoverable by HT annealing unless the memory of the original
configurational state is lost by significant visco-plastic flow [30]. After quenching under
stress and removing the load at RT the structure is anisotropic due to the frozen strain,
which can be easily identified by X-ray diffraction [18, 27, 50]. The ultrasound
spectroscopy showed that frozen-in anelasticity results in the RT anisotropy of the
Poisson’s ratio, ν [105]. Therefore, we expect that anelastic strains induced by HT creep
may influence RT plasticity of BMGs. In the following, we show that HT creep does not
degrade plasticity of a glass, and furthermore it induces plasticity of the initially brittle
sample. More interestingly, it recovers plasticity lost due to structural relaxation during
annealing at HT.
6.1.1 Experiments
Zr-based BMGs exhibiting different RT plasticity were chosen for our study. We
studied three compositions (at. %): Zr50Cu40Al10 (10 mm diameter rod, showing plasticity
in compression, Tg= 435 °C[64][59][60]; Zr65Cu17Ni8Al10 (10 mm diameter rod, showing
very good plasticity, Tg = 362 °C); Zr55Cu30Ni5Al10 (12 mm diameter, showing brittle
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behavior, Tg = 434 °C). Samples were prepared by the tilt casting method [106] and
examined by high energy X-ray diffraction (in transmission) and calorimetry. Several
segments were cut from master rods for HT creep, RT compression tests and HT
annealing. Thermo-mechanical creep with uniaxial compression of 1 GPa was performed
at 300 °C for 40 min in air. After creep, samples were cooled down to RT under stress.
The compressive frozen-in strains were in the range from 0.8 to 1.4% depending on
sample. Additional samples were relaxed by annealing at 300 °C for 40 min. Next,
cylinders 2mm diameter × 4mm long were prepared from these segments for uniaxial
compression tests at RT. The RT compression studies were performed using MTS 810
load frame at a strain rate of 2 × 10-4 s-1. We also cut pieces from the as-cast, annealed,
and crept samples and polished them into 0.5 mm thick slices for the X-ray diffraction
study.
Structural studies were carried out using X-ray diffraction at the 1-ID beam line of the
Advanced Photon Source, Argonne National Laboratory. The beam energy was 100 keV
(λ = 0.12398 Å). A 2-D stationary detector having 2048 × 2048 pixels with 200 × 200
μm2 pixel size was used to collect data. The detector was placed ~35 cm behind the
sample. Calibration was performed using the CeO2 powder standard. FIT2D software
[107] was used to correct for the beam polarization and the dark current.
6.1.2 Results and Discussion
It was shown earlier that thermo-mechanical creep induces anisotropy in the X-ray
diffraction pattern, which can be analyzed using spherical harmonics expansion [18, 27].
To confirm that anisotropic strain induced by thermo-creep is frozen in our BMGs, we
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analyzed the 2-D diffraction patterns measured in the plane parallel to the loading axis
during creep. We separated the isotropic component,
component,

, and the anisotropic

, from the total structure function (details of the procedure can be

found in Ref [27]).

Figure 6.1 The isotropic component

and the anisotropic component,

, of

the structure function of Zr50Cu40Al10 after thermo-mechanical creep processing. The reddashed curve is

calculated from the first derivative of

.

The anisotropic (elliptic) component of the structure function,
Fig. 6.1. We compare

, with the first derivative of

, is shown in
, because if the

anisotropy in diffraction is induced by an affine structural deformation,

can be

expressed as a derivative of the isotropic component:
[19, 50], where

is the elastic strain. Fig. 6.1 indicates that

is not proportional to the first derivative of

. Instead,

has a narrow first

peak, which is characteristic of the anelastic frozen strain [50], and implies that the origin
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of the strain is the bond orientational anisotropy [18]. The amplitude of

is

proportional to a long range anelastic strain.
The effect of the HT creep and structural relaxation on the plastic behavior of Zrbased BMG is shown in Fig. 6.2. It is evident that creep at 300 °C does not degrade
plastic behavior whereas simple annealing at 300 °C for the same duration of time results
in lost plasticity. The negative effect of structural relaxation is well-known, but the
benign effect of creep on a sample showing plasticity is a new result.

Figure 6.2 Effect of creep and structural relaxation on plastic behavior of the
Zr50Cu40Al10 BMG.
The structure of the crept samples is no longer isotropic as was discussed above, and
it was shown in the ultrasound studies [105] that the Poisson ratio and elastic moduli
become anisotropic. To reveal possible anisotropy in plastic strains, samples were cut
with two different orientations to perform further RT uniaxial compression tests: samples
with the length direction parallel or normal to the loading axis during creep (// or 
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directions). Fig. 6.3 shows the representative summary of stress-strain curves from our
experiments. The BMG sample exhibiting large plastic strain with the composition of
Zr65Cu17Ni8Al10 is not affected by HT creep (Figs. 6.3(a) and 6.3(b)). We can see that
plasticity does not change in both // and  directions for this BMG even though the
sample was treated at 300 °C. This is the same result as seen in Fig. 6.1 but verified for
two orthogonal strain axes. Here, we only show part of a real plastic strain (which is
limited by the aspect ratio 2:1) for Zr65Cu17Ni8Al10 samples because they can be
compressed into flakes without fracturing. In contrast the Zr55Cu30Ni5Al10 sample is
brittle as prepared and fails almost instantly after reaching yield point (Figs. 6.3c and
6.3d). Surprisingly, HT creep restores plasticity in the originally-brittle BMG. This
potentially is a very important finding because this proves that plasticity of BMGs can be
improved by such a simple treatment.
In addition, plastic strain for this sample shows orientational dependence, i.e.
increased plasticity in the //-orientation while small or no plasticity in the -orientation.
However, more studies are needed to clarify this result. We also examined if thermomechanical creep can improve RT plasticity of samples that have been structurally
relaxed by annealing at 300 °C. As shown in Fig. 6.3e the BMG Zr65Cu17Ni8Al10 showing
initially excellent plasticity has limited plastic strain after annealing at 300 °C. It is clear
that annealing reduces plasticity as expected. More interestingly, the plastic behavior can
be recovered in both - and //-direction after creep processing as shown in Fig. 6.3f. It
appears that plastic/brittle/plastic behavior can be cycled by subsequent HT annealing/HT
creep treatment. In summary, thermo-mechanical creep may be an easy and effective
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method of improving RT plasticity of BMGs. Clearly, we have just discovered
phenomenon and more systematic studies relating annealing temperature T/Tg, and the
magnitude of the stress /y (where Tg is the glass temperature and y is yielding stress)
to the plastic strains are needed. It is observed that yielding shear scales with temperature
as

[5]. Here, for simplicity, we used same parameters for different

compositions; 300 °C, 1 GPa, 40 min, nevertheless the overall trend is obvious.
The recovery of plasticity by creep, as described above, must be a consequence of
structural rejuvenation by mechanical deformation. The structural state of a glass is
characterized by the fictive, or effective, temperature, Tf, the temperature at which the
glass structure was frozen [73, 108]. The topological structure of a crystal is independent
of temperature, unless a phase transition occurs. But the structure of a liquid depends on
temperature, and can be described by the inherent structure obtained by fast quenching,
the action of removing the atomic kinetic energy very quickly [108]. The Tf is the original
temperature of the inherent structure, i.e. the temperature of the liquid before fast
quenching. Thermal annealing results in the structural relaxation, and Tf is reduced.
Apparently thermo-mechanical creep either keeps or even increases Tf. It is known that
mechanical deformation converts mechanical energy into thermal energy and raises the
effective temperature, for example in the shear bands [36, 109, 110]. In other words,
atomic displacements out of the atomic cage due to deformation increase the randomness
of the structure. For the thermo-mechanical creep we do not expect local heating;
apparently mechanical work translates to the increase in the internal energy cancelling the
effect of structural relaxation. This point is demonstrated in Fig. 6.4 which compares the
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effect of annealing (increased temperature) and creep (increased temperature and stress)
on the isotropic part of the PDF,
sharpening of

. As shown in Fig. 6.4b annealing results in the

, as has been shown many times before [111, 112]. However, as

illustrated in Fig. 6.4a creep hardly changes

, demonstrating that mechanical

deformation cancels the effect of structural relaxation. The balance between the effects of
structural relaxation and structural rejuvenation due to deformation depends on various
factors, such as temperature, strain rate, the length of time for creep, composition, etc. In
this particular case, the opposing effects are almost completely cancelled out, resulting in
very small changes in

. However, in other cases either of the two processes can

dominate. It is interesting to examine this delicate balance between the two in the future
study.
The beneficial effect of HT creep may be partly due to the increased heterogeneity of
the structure. It was found that in the nominal elastic regime, the anealastic strain is a
significant part of the total strain [19]. Since the HT creep introduces additional strain, we
suspect that anelastic sites may make it actually easier to initiate shear bands resulting in
the lower yield stress. Indeed, it can be noticed from Figs. 6.2 and 6.3 that the yield stress
is slightly lowered after HT creep. We may call this effect “work softening”, as opposed
to work hardening in crystalline materials.
In summary we found that high temperature mechanical creep has a remarkable effect
on the room temperature plasticity of BMGs. Creep can restore plasticity of the brittle
sample and even recover plasticity lost due to structural relaxation. The thermo-
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mechanical creep appears to be an effective rejuvenating process and is simple enough to
enhance the likelihood of BMGs applications as structural materials.

Figure 6.3 Engineering stress-strain curves for samples after different treatments. The
strain rate is 2 × 10-4 s-1. (a) and (b) are measurements for reference (i.e. as-cast) and
crept samples with composition of Zr65Cu17Ni8Al10. (c) and (d) are for brittle glass,
Zr55Cu30Ni5Al10. (e) examines the influence of annealing on plasticity and (f) shows
plasticity for annealed and then crept Zr65Cu17Ni8Al10 samples.
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Figure 6.4 (a) Change in the isotropic PDF,

of the BMGs due to creep processing at

300C and 1 GPa for 40 min. (b) Change in

due to annealing (structural relaxation)

at 300C for 40 min. Bottom line is a difference between treated sample and as-cast.
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6.2 Structural Rejuvenation Induced by Creep
BMGs’ structure can become disordered by both inhomogeneous[36, 49, 96-98] and
homogeneous deformation. Comparing with inhomogeneous deformation methods, the
important advantage is that thermo-creep can continuously tune BMGs’ structure by
controlling three parameters, such as temperature, stress, and time. Since the
configurational state of crept samples can be frozen to room temperature [18], the
dynamic process of creating defects can be systematically studied by structure
characterization techniques which is impossible for inhomogeneous deformation because
the formation of shear bands is too fast to be captured. Although defects in BMGs are not
structureless objects, there are still debates about types of defects. For inhomogeneous
deformed BMGs, the only regions for the creation of new defects are localized shear
bands. Structural evidences of the defects created in shear bands has been studied by
transmission electron microscope (TEM) [38, 46], positron annihilation spectroscope
[113, 114], and high energy X-ray diffraction (HEXRD) [36, 115]. High resolution TEM
observed nano-voids in shear bands due to the coalescence of free volume. Positron
annihilation spectroscopy results [114] showed that inhomogeneous deformation
increases free volume. Moreover, local structure examined by HEXRD [36, 115]
suggested that except free volume defects anti-free volume defects [116, 117] , i.e.
atomic sites having higher density than the average density of a disordered system [116,
117], were also generated, in accordance with atomic level stress theory [116, 117]. The
anti-free volume is not observed in TEM and positron spectrum due to their technical
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limitations. However, the explanation of the strengthened plasticity in BMGs after predeformation processing and the atomic mechanism of creating defects will be not well
understood without two types of defects, as illustrated in our work below.
In the following part, we study atomic structural change in a Zr-based BMG after
compressive creep under different creep conditions by using HEXRD. We also aim to
clarify the structural characteristics of defects in BMGs and understand the atomic
process of structural rejuvenation.
6.2.1 Creep Experiments
An as-cast BMG rod with composition of Zr55Cu30Ni5Al10 was used for our study.
Samples were prepared by the tilt casting method [106]. By using electrical discharge
machining, cuboids with 2mm (length) × 2mm (width) × 4mm (height) were cut from the
master rod. To obtain a good reference state, these cuboids were annealed at 350 °C for
8hrs first. Then a series of thermo-compressive creep test with varying stress, time, and
temperature was performed on annealed cuboids in air. After creep, samples were cooled
down to room temperature under stress in order to reduce structural relaxation effect.
We cut slices from the annealed and crept samples and polished them into 0.5 mm
thickness for structural characterization. Structural studies were carried out using high
energy X-ray at the 6-ID beam line of the Advanced Photon Source, Argonne National
Laboratory. The monochromic beam with a wavelength of 0.12359 Å was utilized to
generate diffraction pattern in transmission geometry. A two-dimensional stationary
detector having 2048 × 2048 pixels with 200 μm × 200 μm pixel size was used to collect
the diffraction pattern. Beam center and the distance between sample and detector were
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calibrated using CeO2 powder standard. FIT2D software [107] was used to correct for the
beam polarization and the dark current. As-cast, annealed, and crept samples were also
characterized by differential scanning calorimetry (DSC). The heating rate is 20K/min for
DSC measurement.
It has been proved that after thermo-creep BMGs’ structure becomes anisotropic on
the plane parallel to loading axis [18, 27, 28]. A spherical harmonic expansion method
[18, 27, 28] is applied to separate isotropic structural function (
structural function (

) from total structural function (

) and anisotropic
). Their corresponding

real-space reduced pair distribution function (PDF) is obtained through the spherical
Bessel transformation [18, 27, 28],

where

is atomic packing density and

change of

and

are the spherical Bessel function. The

induced by creep was systematically studied below.

6.2.2 Temperature Dependence
Fig. 6.5 shows temperature effect on both

and

. For BMG samples

crept at 300 °C compared with reference sample (i.e. annealed sample) the change of
is negligible as manifested by

(it is magnified 15 times here) at the

bottom of Fig. 6.5a. Once creep temperature rose up to 350 °C or 380 °C ,

of

these two crept samples shows characteristics changes opposite to structural relaxation
[111, 112, 118], broadened peak width, reduced peak intensity. The increase of peak
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width results in more pronounced tails of the first peak of

and demonstrates that

atomic distance can be either expanded or shrunk. Furthermore, indiscernible phase shift
verifies that there is no uniform volume strain left in sample, in contrast to sample under
stress [25, 26, 119]. Accordingly, structural rejuvenation induced by thermo-creep is not
a simple process of volume dilatation but fluctuation of local density (including both
compression and dilatation) [36].
Structural

rejuvenation

phenomenon

is

consistent

with

Langer’s

shear-

transformation-zone (STZ) model [72, 73]. According to this STZ model, density of
STZs is proportional to exp(-1/χ) where χ = kBTeff/Ez, Teff is defined as effective
temperature (equivalent to fictive temperature) and Ez is a characteristic STZ formation
energy. Based on the analysis of simulation results, Langer et al. [72, 73] found that
mechanical deformation can increase Teff of a disordered system. Our experimental
results support that mechanical work done on a BMG indeed raises its STZ density. It is
true that STZs are local deformation defects, but oscillation in

implies that

structural rejuvenation does not localize to the nearest neighbors but extends to large
atomic distance and further that there exist fertile atomic sites participating in structural
rejuvenation at temperature above 300 °C . Detectable structural rejuvenation can also be
induced by mechanical work done at room temperature, but severe inhomogeneous
deformation (e.g. high pressure torsion ) is required.
The amplitude of

also shows strong temperature-dependence. For ex-situ

structural study of crept samples, the origin of

is the frozen anelasticity, which

involves topological rearrangement at unstable regions through cutting old bond and
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forming new bond [18]. When BMG sample is under load, this topological rearrangement
relaxes local affine strain leading to redistribution of stress [19, 20]. After creep, this
topological rearrangement cannot be fully recovered and produces residual shear strain.
The increased amplitude of

reveals that the temperature assists the activation of

potential unstable atomic sites.

Figure 6.5 Temperature dependence of PDFs.

is obtained from three samples

after creep at 300 °C (a), 350℃(b), and 380℃(c). And the difference of
crept states and initial annealed state is plot at the bottom.
shown in (d).

between

for all crept samples is
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6.2.3 Stress Dependence

Figure 6.6 Stress dependence of PDFs.
is obtained after subtracting

of reference state.

Fig. 6.6a displays the influence of stress on
peak of

for three samples crept at different stress

. Both intensity and width of each

increase with the increase of stress and peak positions don’t have a clear
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shift. The applied creep stress is smaller than yielding stress so that stress has limited
room to scale up the amplitude of structural rejuvenation. It is worth to note that the
effect of stress cannot be substituted by temperature when creep temperature is below the
effective temperature. Otherwise, structural relaxation instead of structural rejuvenation
occurs when BMGs sample is annealed without stress.

Figure 6.7 (a) Comparison of

with the first derivative of

for sample after

1hr creep under 800 MPa stress at 350℃. The amplitude of the first derivative of
is adjusted by multiplying a constant, α, to match

above 9 Å.

obviously deviates the fit below 9 Å. (b) Fitting strain for the r range between 9 Å and 20
Å calculated by Eq. 5.

also has its amplitude raised with the increase of stress (Fig. 6.6b). After
creep, residual shear strain can be retained in samples by quenching or cooling under
stress. And the larger the amplitude of

, the stronger the strain field is frozen in

crept specimens. This strain field is assessed using following equation
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(5)
where ε is a strain and ν is Poisson’s ratio (0.37 is used here). For non-affine deformation,
ε shows r-dependent behavior [19, 50]. Smaller ε at short atomic distance is a result of
local topological rearrangement. In Fig. 6.7a, the long-range ε is evaluated by matching
with the first derivative of

over r range between 9 Å and 20 Å. Fig. 6.7b

shows the fitted ε for three crept samples and ε follows a linear relationship with stress.
6.2.4 Time dependence
Besides temperature and stress, time dependence of structural change is also
important since dynamic process of structural rejuvenation can be explored. Fig. 6.8a
displays time evolution of structural rejuvenation.
except for the amplitude. The amplitude of

appears the same in shape
increases dramatically during the

first three hours’ creep and then saturates to certain value. In Fig. 5.8b, the average peak
height of the first two sub-peaks in

is studied, which can be fitted by an

exponential decay form. The saturation phenomenon in

agrees qualitatively with

the prediction of effective temperature model. According to STZ theory, density of STZs
is controlled by Teff and the value of Teff reaches to a constant after a mechanical steady
state is established, which agrees well with the second stage of creep, steady-state creep.
Similar to
and the amplitude of

, with the increase of creep time the shape of

is maintained

increases rapidly and then slows down, which are distinctive

features of anelastic strain shown in viscoelastic materials. According to classic KelvinVoigt mechanical model, the time evolution of anelastic strain during creep follows an
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exponential form (Eq. 4). We firstly evaluate the long-range frozen elastic strain by Eq. 5
and then fit these strain using Eq. 4, as shown in Fig. 6.8d. It is evident that our
experimental data agrees well with KV model.

Figure 6.8 Time dependence of PDFs for BMGs crept at same stress and temperature but
for different time. For

,

intensity of the first two sub-peaks of

of the annealed state is subtracted. The average
vs time is shown in (b). (d) Fitting strain for

the r range between 9 Å and 20 Å is obtained using Eq. 5.
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6.2.5 Discussion
During severe plastic deformation temperature in localized shear bands can be much
higher than Tg, so whether the structural rejuvenation is directly a consequence of
mechanical work is ambiguous. Unlike severe deformation technique, the observed
difference in

of crept BMGs samples confirms that mechanical work even done in

elastic regime can make BMGs’ structure more disordered. Although pronounced change
in

requires thermal assistance, the mechanism of structural rejuvenation induced

by thermo-creep surely is not a thermal rejuvenation (or recovery of annealing). Thermal
rejuvenation requires heating relaxed sample above Tg (but below crystallization
temperature); otherwise thermal relaxation occurs for sub-Tg annealing. But thermo-creep
substantiates that rejuvenation can be accomplished below Tg.

Figure 6.9 DSC thermographs for as-cast, annealed, and annealed-then-crept sample.
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Sub-Tg annealing is considered as a process of annihilating discrete defects;
oppositely, mechanical rejuvenation should create defects. DSC results provide evidence
of the creation of defects in crept samples. Fig.6.9 compares thermograms of as-cast,
annealed and crept state. Annealed sample shows clear enthalpic relaxation peak around
430oC. However, if sample is annealed and then crept relaxation peak almost disappears,
similar to as-cast state. The enthalpic relaxation peak is often explained using defects
concept, such as free volume. Although type of defects cannot be resolved from the
relaxation peak, it is still safe to say mechanical rejuvenation is an opposite process of
structural relaxation.
We mentioned earlier that free volume theory does not work for thermo-creep case.
Defects created by thermo-creep are like one pair of defects, free volume and anti-free
volume defect, as mentioned in ref [116, 117]. Anti-free volume denotes the atomic
regions of high density where atom is under compression based on the calculation of
atomic level stress. And free volume locates at regions of low density. For structural
change related to this positive and negative atomic density fluctuation, the second
derivative of

is proportional to

derivative of

and

[118]. Fig. 6.10 compares the second

. Similar to high pressure torsion case [36],

cannot be scaled by a unique factor, β, and β displays r dependent behavior. This rdependence may be caused by strongly heterogeneous response at atomic level. But the
qualitative agreement between

and the second derivative of

reveals that

two types of defects coexist in BMGs. This positive and negative local density fluctuation
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would cancel out the change in average density (anharmonicity in potential may cause net
volume dilatation).

Figure 6.10 The difference of

compared with the second derivative of

.

The plots do not have a unique scale and are scaled to match each other at large r.
Both thermal rejuvenation and mechanical rejuvenation can make BMGs’ structure
more disordered, but they don’t share a common atomic mechanism. In case of thermal
rejuvenation, atomic transport is random diffusion and therefore structure should be
isotropic after thermal treatment. However, after thermo-creep structure becomes
anisotropic, and the motion of atoms has preferred orientation determined by loading axis
during creep [18, 27, 28]. In Fig. 6.11, a two-dimensional schematic drawing [18] is used
to illustrate this specific motion. A compressive stress tends to squeeze the two blue
atoms closely. To get this done, the bond between red and green atom has to be cut;
following this, a new bond between two blues atoms are formed. Recent MD simulation
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[79] also confirms this bond-exchange process in three-dimensional space. Both
experiments and simulations revealed that anelastic strain is one consequence of this
bond-exchange process, which is often described by

. But it is still elusive whether

the bond-exchange causes mechanical rejuvenation.

Figure 6.11 Schematic representation of bond-exchange process. For the red atom, its
first and second atomic shells are emphasized by dash-dot line.

Interestingly, the change of

and

seems correlated. Their similar

tendency shown in temperature-, stress-, and time-dependent study suggests that
mechanical rejuvenation have an inherent connection with anelasticity. Especially the
amplitude of

shows an exponential change behavior in time-dependent study,

which resembles the exponential rise of anelastic strain during creep. Moreover,
comparing Fig. 6.7a to Fig. 6.10 we can see that

and

both display r-

dependent phenomenon and start to deviate from derivatives at same r value, around 8 Å.
The deviation in

has been understood as a result of local topological
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rearrangement. This specific r value indicates the average size of activation volume at the
temperature we performed creep. Anisotorpic PDF analysis also proves that roomtemperature activation volume is comparable to the first atomic shell. Interestingly,
measured from BMGs after room-temperature high-pressure torsion deviates
from the first derivative of
range shown in

and

below the second atomic shell. The same deviation
suggests that the number of atoms contributing to

anelasticity is the same as to mechanical rejuvenation. It is very likely that structural
rejuvenation and anelasticity are correlated both in spatial and temporal spaces. Fig. 6.11
tells that after bond cutting the central red atom loses one of its nearest neighbors from its
first atomic shell and this green atom has to enter the first shell of some adjacent atom.
Obviously, this procedure of losing and gaining atom changes topology of central atoms,
e.g. red atom here, and the pressure of central atoms would vary. Accordingly, this bondexchange is reasonably consistent with local density fluctuation.
6.3 Structural Rejuvenation Induced by Strain-rate Controlled Deformation
Effective homogeneous method by using thermo-mechanical creep has been
discussed above. Structural study of the BMGs samples that showed creep induced
plasticity indicated structural rejuvenation. However, the atomistic mechanism of
structural rejuvenation remains elusive. Also it remains to be determined which part of
the deformation is contributing to the rejuvenation. The glassy state is characterized by a
fictive or effective temperature (Tf) corresponding to the supercooled liquid state[73,
120]. Accordingly, physical implication of a structural rejuvenation is the increase of Tf.
STZ-based analysis of numerical simulation results[73] suggests that Tf is a function of
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strain rate, and so a constant strain-rate deformation could generate structural
rejuvenation. From both theoretical and practical perspective, it is important to verify
above predictions.
In this section, we examine experimentally the relation of structural rejuvenation to
the strain rate and deformation stage. Since direct measurement of Tf, is impractical we
carried structural studies of BMGs deformed at different strain rate given that a particular
Tf corresponds to a one unique structure of a glass. Then, combining experimental results
with a simulation study of structural evolution during fixed strain-rate deformation we
elucidate the micro-mechanism of structural rejuvenation. We demonstrate that the
atomistic mechanism of structural rejuvenation is due to topological rearrangement at the
fertile unstable atomic sites.
6.3.1 Strain-rate Controlled Experiments
Samples with dimensions of 2.5mm × 2.5mm × 5mm were cut from one as-cast rod
using electric discharge machining (EDM). Before mechanical testing, all samples were
annealed at 400°C for 24 hrs to acquire a good reference state. Then all samples were
well polished to remove oxides on their surfaces. Using Instron-type compression system,
displacement controlled compression test were conducted at annealing temperature
(400°C) to minimize the structural relaxation. Before running mechanical test, we firstly
heated samples up to 400°C and then wait for a while to stabilize the temperature, which
take 20 min together. After loading test was stopped, samples were immediately
quenched into iced water. Plastic strain for each sample was measured using a caliper
with an accuracy of ±0.005mm.
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A thin slice parallel to the loading axis was cut from each sample by EDM and then
fine polished to pieces with 0.5mm thickness for high energy X-ray diffraction study.
High energy X-ray study was carried out at the 6-ID beam line of the Advanced Photon
Source, Argonne National Laboratory. The beam energy is 100 keV. A two-dimensional
(2-D) stationary detector having 2048 × 2048 pixels with 200 × 200 μm2 pixel size was
used to collect diffraction pattern. The detector was placed ~30 cm behind the sample.
Calibration was performed using CeO2 NIST powder standard. FIT2D software was used
to correct for a beam polarization and a dark current.
6.3.2 Strain-rate Effect
During a constant strain-rate deformation total strain consists of three components,
affine, anelastic, and plastic strain. Among them, affine strain does not change structure
at all, anelasticity generates structural anisotropy proved many times by X-ray diffraction
study, and structural change induced by plastic strain is still unclear. Since we are only
concerned with structural change, it is better to remove affine strain-induced structural
deformation, i.e. distortion of diffraction rings because of bond stretch and compression.
The convenient way to remove affine deformation is to do ex-situ X-ray diffraction study
since affine strain changes at all times during the fixed strain-rate deformation, which is
impossible to subtract during in-situ X-ray structural study.
The structure of BMGs under steady state flow is studied on the basis of PDF.
Viscosity evaluation from stress-strain curves indicates that deformation is in nonNewtonian regime (Fig. 6.12). It is worth to note that BMGs’ structure is no longer
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isotropic after deformation, as shown in Fig. 6.13. Quenched samples have anisotropic
structure in the plane parallel to the loading axis while isotropic structure in the plane
normal to the loading direction, which can be examined from 2-D diffraction pattern. For
each plane, we measured two orientations with 90°rotational difference. The diffraction
rings for the parallel plane are distorted to elliptical shape and therefore diffraction rings
from two orientations cannot cancel each other. Oppositely, for normal plane the
difference of diffraction pattern between two orientations are almost negligible although
it shows some intensity fluctuation.

Figure 6.12 Viscosity-strain rate relationship. And viscosity is calculated by using
equation

.
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Figure 6.13 The difference of 2-D diffraction pattern between two orientations for
parallel and normal plane.
For anisotropic structure spherical harmonics expansion is employed to separate
isotropic PDF,

, and anisotropic PDF,

. Fig. 6.14 represents

for samples deformed at different strain rate. We found that

and

gradually becomes

disordered with the raise of strain rate up to 2.5*10-4 s-1, i.e. structural rejuvenation effect
indeed depends on strain rate. Fig. 6.14a indicates that structural rejuvenation
accompanies peak broadening in

, which means some atomic distances are

increased while some are reduced. This structural change is opposite to a peak sharpening
behavior exhibited by annealing-induced structural relaxation effect.
It was also found that structural rejuvenation effect is maximized at strain rate 2.5*104 -1

s above which an opposing change appears. This is distinct from monotonic increasing

of structural rejuvenation predicted by MD simulation. Further strain rate mechanical
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testing tells that inhomogeneous plastic deformation substitutes for homogeneous flow
above strain rate 5.0*10-4 s-1. Therefore, homogeneous rejuvenation is transferred into
inhomogeneous rejuvenation when strain rate is high enough. Since X-ray diffraction
detects an average structure in macroscopic scale, structural information from few
localized shear bands is always averaged out and becomes obscure in

. On the other

hand, inhomogeneous deformation can be understood by the mismatch between
deformation-defects creation rate and external strain rate. Accordingly, the limit of
homogeneous rejuvenation effect is controlled by critical creation rate of flowing defects
rather than the external strain rate.
Amplitude of
amplitude of

increases when strain rate is high enough (Fig. 6.14a) but the
remains the same above strain rate 5.0*10-5 s-1. Structural

rejuvenation effect does not synchronize with the change of

, which disagrees with

the conclusion drawn from creep results that structural rejuvenation has an inherent
connection with anelasticity. Before clarifying this discrepancy, we have to be certain
that the anisotropic structure induced by strain-rate deformation arises from anelasticity.
We found that the feature of anisotropic PDF
deformation is the same as

for samples after constant strain-rate

induced by thermo-creep only except the scale (Fig.

6.14b). In addition, the relationship between

and

cannot be described by Eq.

(3). These confirm that structural anisotropy frozen in deformed specimens only
originates from anelasticity.
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Figure 6.14 BMGs structural dependence on strain rate at 400 °C. a.

for as-

cast, annealed and deformed samples at different strain rate after steady state flow is
attained. Middle panel shows the difference of

between annealed sample and

the other samples. Bottom panel displays dependence of the average peak height,
which should be inversely proportional to the fictive temperature. b. The dependence
of

on strain rate. c. Plots of scaled

for fixed strain deformation and

isothermal creep compared with the derivative of the isotropic part of PDF.

6.3.3 Dynamic Process of Structural Change
Besides characterizing BMGs’ structure frozen from steady state, we also performed
ex-situ study of the structural evolution during the whole deformation process at one
constant strain rate. We prepared series of samples deformed to different extent at fixed
strain rate (2.5*10-4 s-1) and temperature (400°C), and stress-strain curves were shown in
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Fig. 6.15a. From Fig. 6.15a, we can see a pronounced stress-overshoot before a steady
state is reached. Stress overshoot contains valuable information about dynamics of the
non-steady state, which is illustrated from a structural perspective below.
For affine deformation,

is proportional to

while

induced by

frozen anelasticity cannot be fit by one constant εaff (Fig. 6.14b). Fig. 6.14b indicates that
strain induced by anelasticity has r-dependent behavior, i.e. smaller strain for low r value.
This reduced strain is because anelasticity relaxes partial affine strain by local topological
arrangement. Fig. 6.14b shows long-range residual strain by fitting experimental
over the r range between 8.9 Å and 20 Å. Interestingly, we observed an overshoot
behavior during non-steady state flow; following this overshoot, a steady state is
eventually achieved. The overshoot indicates the existence of a mechanism of
annihilating anelasticity, seemingly consistent with the anelastic-to-visco-plastic
transition (APT) proposed by STZ theory. In STZ picture, anelasticity is generated by
shear transformation in isolated STZs confined in elastic matrix and visco-plasticity is
created by the percolation of isolated STZs. When percolation occurs, confinement from
elastic matrix immediately disappears and therefore elastic energy stored in these STZs is
suddenly released. Whether this APT is true can be examined simply by comparing the
change of anelasticity with plasticity. Plastic strain for each sample is plotted against total
strain in Fig. 6.15c. A sudden plasticity increase accompanying stress overshoot is
observed, emphasized by a blue dash-line circle in Fig. 6.15c. The surge of plasticity
matches the sudden decline in

, approving the realness of APT.
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Figure 6.15 Correlation between mechanical response and structural re-arrangements.
a. Stress-strain curves for BMG specimens deformed at strain rate 2.5*10-4 s-1 and 400
°C. b. Anelastic strain determined from

for each specimen. c. Plastic strain vs.

total strain. Dash-line circle highlights the non-steady state. d. Average peak height of
the first two sub-peaks in

.

We now consider the change of

. The change of

variation is shown by the average height of the first two sub-peak in

is subtle but some
(Fig. 6.15d).

The decreasing amplitude at the beginning indicates the occurrence of structural
rejuvenation. Then structural rejuvenation is stabilized when stress starts to drop. In
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principle, we would expect an undershoot behavior in the peak height change of

at

non-steady state under the assumption of some correlation between structural
rejuvenation and anelasticity. Unfortunately, there is no clear such evidence in
accordance with overshoot behavior for anelasticity. However, the missing undershoot
reveals that visco-plasticity does not impact structural rejuvenation. Although viscoplasticity releases the confinement of local unstable sites, the effective temperature of the
rejuvenated system does not change. Therefore, structural rejuvenation must be explained
by anelasticity-related topological arrangement.
Although the mechanism of anelasticity has been understood as local topological
rearrangement in terms of bond-cutting and formation (BCF) based on experimental data
and MD simulation, the physical picture of how bond-cutting and bond-forming generate
structural rejuvenation is not evident. Here, MD simulation is performed to verify
whether one common topological rearrangement induces both structural rejuvenation and
anelasticity. In such case,

calculated for the atoms involved in BCF

rearrangements should show structural rejuvenation effect. Fig. 6.16a shows that
for atoms without BCF shows small change but

for atoms with BCF

becomes broader especially at right tail of the first peak and also peak intensity drops,
consistent with our prediction on structural rejuvenation effect.
Fig. 6.16b compares the difference in the isotropic PDF, Δ
nondeformed and deformed state. For atoms without BCF, Δ

between

represents volume

change induced by affine deformation, which is proportional to the first derivative of
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However, Δ

for atoms participating in BCF cannot be fitted using the above

formula due to a large phase shift. This indicates that BCF relaxes affine strain at these
atomic sites. On the other hand, early study[36] showed that density fluctuation induced
by structural rejuvenation also changes

and the change of

the second derivative rather than the first one of
with the second derivative of
the first and second derivatives of

is proportional to

. Here, we also compare Δ

in Fig. 6.16b. Interestingly, Δ

stays in between

, which can be understood as a combination

effect of affine deformation and structural rejuvenation because

for BCF atoms are

calculated under stress.
In summary, one common local topological structural change activated by external
stress at elevated temperature is responsible for both structural rejuvenation and
anelasticity. The local topological arrangement consists of BCF process. Importantly
most of the rejuvenation process occurs before reaching steady state in the anelastic
regime.
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Figure 6.16 The influence of topological change on

. a,

calculated for all

simulated atoms without external stress (nondeformed) , atoms without participating BCF
(NBCF) under stress, and atoms experiencing BCF under stress, respectively. First peak
of

is highlighted in insert. b, difference in

between nondeformed state and

deformed state. Multiplying r is to strengthen oscillation in high r range.
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Chapter 7 Conclusions
From both scientific and engineering point of view, metallic glasses are very unique
and superior structural materials. Understanding the mechanics of metallic glasses is
crucial for numerous potential applications. This work has addressed several critical
questions related to the microscopic mechanism of deformation behaviors of metallic
glasses. To conclude, we summarize the main contributions of this work:


Based on high energy X-ray diffraction, we have developed a quantitative method
to characterize the size and stress-relaxation ability of defect regions in metallic
glasses. The fundamental assumptions for the phenomenological models are
evaluated to understand these models’ limitations. We found topological
rearrangement mainly occurs in the first atomic shell for all the BMGs studied in
my work, indicating defect regions in different BMGs include the same amount of
atoms. However, stress-relaxation ability, or defect density, varies with
composition. When temperature increases, defect size grows and stress-relaxation
ability also increases to accommodate large plastic deformation.



Using the characterization method we developed, we have found the strong
correlation between defect density and ductility, which is contrary to the widelyaccepted conclusion drawn from the STZ phenomenological model. Therefore, a
parameter, defect density, must be introduced into the constitutive equation of
STZ model. In addition, more defects in BMGs are activated for compression than
for tension, which proves two types of defects existing in BMGs consistent with
free volume and anti-free volume theory.
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Using this method, we found two decoupled local stress-relaxation modes below
Tg in the defect regions. The microscopic mechanism of homogeneous and
inhomogeneous deformation in metallic glasses was revealed based on the finding
of two decoupled local stress-relaxation modes. At low temperature or high strain
rate, fast stress-relaxation becomes dominant. Because fast stress-relaxation is
strongly localized, inhomogeneous deformation happens at room temperature. On
the other hand, slow-stress relaxation is determinant at high temperature
responsible for the homogeneous flow.



We have developed macroscopic homogeneous structural rejuvenation methods to
enhance the compressive plasticity of metallic glasses, which solves the
mechanical property degradation of metallic glasses induced by annealing. The
atomistic origin of structural rejuvenation has been revealed through experiments
and MD simulation. We found both anelasticity and structural rejuvenation are
induced by a common topological rearrangement in terms of bond cutting and
formation. For thermo-creep, the amplitude of structural rejuvenation depends on
the stress, temperature, and time; for displacement-controlled deformation, the
amplitude of structural rejuvenation depends on the strain-rate. However,
homogeneous structural rejuvenation may change to inhomogeneous rejuvenation
if strain rate is too high.

During study, we also raised new questions and research directions from a new
perspective. Some outstanding possibilities are discussed below.
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The characterization method developed in present work can be expanded to other
amorphous materials, especially oxide glasses and polymers. Oxide glass, e.g.
fused silica, has well-defined coordination number, differing from metallic
glasses. How local stress is relaxed in such network structure is not clear although
the same phenomenological defect model has been employed to explain the
mechanical behaviors.



Further work is needed to understand why Zr-based BMGs with higher Zr content
and Pt57.5Cu14.7Ni5.3P22.5 BMG have high defect density based on the results in
Chapter 4. If this can be solved, then the design of ductile metallic glasses is
predictable.
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